The centrifugal community organization model describes the habitat-use pattern of competing species that share a primary habitat preference but differ in their secondary habitat preferences. Our goal was to study the gradients underlying centrifugal organization in a community of 2 gerbil species, Gerbillus pyramidum (the greater Egyptian sand gerbil) and G. andersoni allenbyi (Allenby's gerbil), in the southern coastal plain of Israel. Theory suggests that the ideal combination of food and safety should occur in the semistabilized-sand habitat. However, our measurements showed that this combination actually occurs at the stabilized-sand habitat. Yet, both species prefer the semistabilized-sand habitat. By using artificial seed patches, we show that foraging at the stabilizedsand substrate is at least twice as costly as foraging at the nonstabilized substrate. This, together with potential differences in resource renewal rates and predation risk may underlie the shared-preference for the semistabilized-sand habitat and thus affect the community organization.
The centrifugal community organization model is based on the premise that habitats represent a specific combination of resources or microhabitats, with all competing species sharing preference for the same subset (the core habitat) but differing in their preference for the less preferable subsets (the marginal habitats- Rosenzweig and Abramsky 1986) . Rosensweig and Abramsky (1986) suggest that this model can explain the coexistence of 2 sympatric, psammophilic, granivorous gerbil species, the greater Egyptian sand gerbil (Gerbillus pyramidum Geoffroy; 40 g) and Allenby's gerbil (G. andersoni allenbyi deWinton; 25 g), in 3 sandy-habitat landscapes in southern Israel. They suggest that, along a gradient of open area to shrub cover, safety from avian predators should increase and seed production should decrease (Fig. 1) . The ideal combination of food and safety should occur at the semistabilized-sand habitat, which should, therefore, be mutually preferred by both gerbil species. With respect to their marginal habitats, the agile G. pyramidum should be better at coping with high owl predation risk typical of the shifting-sand habitat (Kotler 1992; Kotler et al. 1991) whereas the smaller, energetically efficient (Linder 1988 ) G. a. allenbyi was expected to cope better with the dearth of food typical of the stabilized-sand habitat. Habitat use, in the centrifugal community organization model, is assumed to be density dependent. As its name suggests, the ''centripetal force'' pulling species toward the core habitat is the expected high fitness reward, whereas density-dependence is the ''centrifugal force'' ejecting both species toward their distinct secondary habitats. Hence, at low densities both species should use only the core habitat but as densities increase each species should spill over to use also its distinct secondary habitat. At very high densities both species are expected to use all 3 habitats (Rosenzweig and Abramsky 1986) .
Based on census data, Rosensweig and Abramsky (1986) showed that gerbils' habitat use does indeed correspond with this expectation. Later studies have shown, experimentally, that although both species prefer the semistabilized-sand habitat, the dominant G. pyramidum aggressively prevents G. a. allenbyi from realizing its innate preference and excludes it into its secondary habitat-the stabilized sand (Abramsky et al. 1990; Wasserberg 1997; Ziv et al. 1993) . Wasserberg (1997) also showed, experimentally, that G. a. allenbyi prefers the stabilized-sand over the shifting-sand habitat.
Although Rosenzweig and Abramsky (1986) have demonstrated the expected habitat-use pattern, the mechanism underlying centrifugal community organization remains obscure, mainly with respect to the environmental gradients underlying it. The goals of this study were to assess the assumptions of Rosenzweig and Abramsky (1986) regarding these environmental gradients, and, specifically, to test whether substrate characteristics play a role in determining habitat preferences of these species. With respect to habitat-use pattern, based on the behavioral dominance of G. pyramidum, we expected its distribution to correspond with its habitat preferences (semistabilized . shifting sand . stabilized sand). G. a. allenbyi, on the other hand, is expected to be most abundant in its secondary habitat (the stabilized-sand), followed by the semistabilizedand shifting-sand habitats. We expect both species to use only part of this habitat-range when in low to intermediate densities, but to use all 3 habitats when in high densities. With respect to environmental gradients, based on the centrifugal community organization model's assumptions (Fig. 1) , we expected to find negative correlation between perennial and annual plant cover. With respect to substrate, because of its complex texture, we expected foraging to be costlier in trays with stabilizedsand substrate.
MATERIALS AND METHODS
Nomenclature.-We use the subspecies-level nomenclature G. andersoni allenbyi because the subspecies is endemic to the coastal plain and the northern Negev, Israel, and to allow the reader to associate it with studies by other authors who used the name G. allenbyi (e.g., Abramsky et al. 1990; Kotler et al. 1991; Rosenzweig and Abramsky 1986; Ziv et al. 1993) . The other species, G. pyramidum, is named conventionally, at the species level.
Field site.-The study was conducted at Ashdod Dunes (318469N, 348399E) in the southern coastal plain of Israel. Despite its Mediterranean climate (annual mean precipitation 450 mm -Carta 1985) , Ashdod Dunes constitutes a desert island because of the low water-retention capacity of the sandy substrate (Danin and Nukrian 1991) . The site is characterized by transverse dunes and contains a mosaic of shifting-, semistabilized-, and stabilized-sand habitats corresponding, respectively, with their exposure to strong westsouthwest winter winds (Tsoar 1990) .
Gerbil census.-To census rodents we used standard markrecapture methods (Seber 1973) . Four 5-day trapping sessions were conducted trimonthly between December 1993 and August 1994 in twelve 0.42-ha plots (4 replicates for each habitat type). Each plot comprised trapping stations in a 4 Â 4 grid (at 20-m intervals). A single Sherman trap (9 Â 7.5 Â 23 cm; H. B. Sherman Traps, Inc., Tallahassee, Florida) baited with millet seed was placed in each grid station. For census sessions taking place during the cold period (December 1993 and March 1994), we placed cotton and larger amounts of bait inside the traps and placed the traps inside an open nylon sleeve to protect from rain and to provide insulation. Traps were opened and baited at dusk and checked at dawn. Animals trapped were examined, marked, and released immediately. Traps remained closed for the rest of the day. For every newly captured individual we recorded trap station, mass, sex, and reproductive condition. We used species-specific toe clips to mark the gerbils. To minimize harm to the animals but at the same time allow us to identify species tracks in the seed trays (see below), we amputated the distal one-third of the outer right and outer left hind toes of G. a. allenbyi and G. pyramidum, respectively.
Plant-cover measurements.-During February 1995, when annual plant cover was high, we selected 10 random sampling stations at each trapping plot from which we extended, in a random direction, 10-m line transects along which annual and perennial plant cover was measured. Plant cover refers to percentage of plants covering the 10-m transect line.
Effect of foraging substrate on gerbil foraging efficiency.-The experiment was conducted on 3 of our study plots in the stabilizedsand habitat. We used aluminum trays (45 Â 60 Â 2.5 cm) as artificial resource patches. These trays were arranged in pairs and placed adjacent to a bush next to a randomly selected grid station. Each tray was filled with 3 g of millet seeds mixed thoroughly into 5 liters of sand taken either from the local stabilized-sand habitat or the adjacent shifting-sand habitat. The sand was presifted to remove naturally occurring seeds. To retain the natural texture of the substrate, largesized particles (e.g., small stones, shells, and plant debris) that had been sifted out during presifting were returned and mixed into the FIG. 1.-Environmental gradients underlying centrifugal community organization in psammophilic gerbil community in the southern coastal plain, Israel, as envisioned by Rosenzweig and Abramsky (1986) . Three habitat types are identified along a perennial plant-cover gradient: the sparsely vegetated shifting-sand habitat (SH), the moderately vegetated semistabilized-sand habitat (SM), and the densely vegetated stabilized-sand habitat (ST). Bush cover is assumed to provide cover from avian predators but negatively affect the growth of annual plants, which in sandy ecosystems are the major source of seed production (Abramsky 1988) . As perennial plant cover increases, safety from avian predators should increase whereas seed production by annual plants should decrease. The ideal combination of food and safety should occur at the semistabilized-sand habitat, which is therefore mutually preferred by both species (the core habitat). Gerbillus pyramidum is better adapted to cope with high avian predation risk that is highest at the shifting-sand habitat, whereas G. andersoni allenbyi is better adapted to cope with food scarcity typical of the stabilized-sand habitat. Therefore, their secondary habitat preferences should be distinct. material in the tray. We placed 4 pairs of seed trays in each of the 3 plots. The experiment lasted 4 nights (1-4 June 1995) with the location of each pair changed randomly among grid stations each night. We charged seed trays with seeds at dusk and smoothed the surrounding sand with a rubber squeegee to facilitate track identification, and checked the trays at dawn. Contents of the tray were sifted and the remaining seeds were collected and weighed at the laboratory (0.01-g precision, semiautomatic balance, Sartorius GMBH, Vienna, Austria). The mass of seeds remaining in a resource patch at the end of the night is termed the giving-up density (Brown 1988) . The higher the foraging cost the higher is the giving-up density and the lower is foraging efficiency (Brown 1988) . We used giving-up density values to determine the relative foraging cost associated with foraging in either of the 2 substrate types (e.g., Kotler and Brown 1999) .
Data analysis.-We used a fully factorial 3-way analysis of variance (ANOVA) and Scheffé's S post hoc tests to compare gerbil densities between habitats and assess habitat-use dynamics. We used linear regression to test the relationship between perennial and annual plant cover (arcsine transformed). We used multivariate analysis of variance (MANOVA) on arcsine-transformed proportion of plant cover to analyze the differences between habitats with respect to annual and perennial plant cover. Four data points, 1 from each of the 4 stabilized-sand plots, were removed as statistical outliers (i.e., n ¼ 116). Difference in giving-up densities between seed trays containing different substrate types was tested by using a paired t-test on logtransformed giving-up density data.
Animal care and use.-This research was conducted in a humane manner, following the guidelines for the capture, handling, and care of mammals approved by the American Society of Mammalogists Animal Care and Use Committee (1998).
RESULTS
Gerbil species distribution.-Recapture rate of both species in all our trapping sessions was at least 75%. Therefore, we used the total number of animals captured per plot as our estimate of gerbil relative abundance. The 2 gerbil species differed in their distribution between the 3 habitats (ANOVA: species Â habitat: mean square [MS] ¼ 114.170, F ¼ 49.21, d.f. ¼ 2, 64, P , 0.0001). G. pyramidum was most abundant at the semistabilized-sand habitat, followed by the shifting-sand habitat, and was almost completely absent from the stabilized-sand habitat (Scheffé's S-test: P , 0.05), whereas G. a. allenbyi was most abundant at the stabilized-sand habitat, followed by the semistabilized-sand habitat, and was rare at the shifting-sand habitat (Scheffé's S-test: P , 0.05; Table 1 ). Habitat-use pattern changed throughout the year in a manner consistent with the centrifugal community organization model's predictions (AN-OVA: species Â habitat Â season: MS ¼ 10.39, F ¼ 49.21, d.f. ¼ 6, 64, P ¼ 0.0008). In periods of intermediate population densities (November-May) each species used only 2 habitats: semistabilized-followed by shifting-for G. pyramidum and stabilized-followed by semistabilized-sand habitats for G. a. allenbyi. In August, however, when densities of both species peaked, both species used all 3 habitats (Fig. 2) . However, the added habitats (shifting-and stabilized-sand habitats for G. pyramidum and G. a. allenbyi, respectively) were the leastutilized habitats for each species, respectively (Scheffé's S-test: P , 0.05).
Plant cover.-Habitats differed significantly with respect to plant-cover (MANOVA: Wilks' lambda ¼ 0.25, F ¼ 39.82, d.f. 2,11, P , 0.0001). Perennial cover was lowest at the shifting-sand habitat, intermediate at the semistabilized-sand habitat, and highest at the stabilized-sand habitat (Table 1) . Annual plants were observed only in the stabilized-sand habitat. In the shifting-and the semistabilized-sand habitats, annual plant cover was negligible (Table 1) . Opposite to our expectations, positive relationships were found between annual and perennial plant cover (annual ¼ À1.913 þ 0.387 Â perennial, r 2 ¼ 0.28, P , 0.0001). Effect of foraging substrate on gerbil foraging efficiency.-In this experiment only G. a. allenbyi visited the trays. We found that giving-up densities in trays with substrate from the stabilized-sand habitat was almost twice as high as that in trays with sand from the shifting-sand habitat (Fig. 3) .
DISCUSSION
The theory of centrifugal community organization integrates 2 central concepts in community ecology: description of gradients and study of process. With respect to the gerbil system in the southern Israeli coastal plain, Rosenzweig and Abramsky (1986) suggested that the best combination of food (seeds) and safety from avian predators should occur at the semistabilized-sand habitat, which should therefore be the mutually preferred habitat. In this study, which is a part of a larger project studying different aspects of the centrifugal community organization model, we focused on studying the environmental gradients that underlie the community organization of 2 sympatric gerbils in the southern coastal plain of Israel. Specifically, we monitored the species habitat-use dynamics, measured annual and perennial plant cover to test the assumptions of Rosenzweig and Abramsky (1986) regarding the underlying environmental gradients, and tested the effect of substrate type on the gerbils' foraging efficiency.
Previous studies demonstrated that both species prefer the semistabilized-sand habitat (Abramsky et al. 1990; Wasserberg 1997; Ziv et al. 1993 Ziv et al. , 1995 . These studies also showed that G. a. allenbyi is prevented from realizing this preference because of aggressive exclusion by G. pyramidum. Rosenzweig and Abramsky (1986) supported the predicted density-dependent habitat-use pattern predicted by the centrifugal community organization model. Gerbil distribution, as observed here, concurs with these observations: G. a. allenbyi is most abundant in the stabilized-, followed by the semistabilizedand shifting-sand habitats, whereas G. pyramidum is most abundant in the semistabilized-followed by the shifting-and the stabilized-sand habitats (Table 1) . Both species use only 2 habitats (their primary and secondary habitats) when in intermediate densities throughout most of the year, but when densities peak (August) both species utilize all 3 habitats.
With respect to the environmental gradients, the model of Rosenzweig and Abramsky (1986) assumes that perennial and annual plant cover are negatively correlated (Fig. 1) . However, we found positive correlation between them. This discrepancy can be explained in terms of specific local conditions and difference in scales. Abramsky (1988) found a negative correlation between annual and perennial cover along a geographical rainfall gradient extending from southern to northern Israel. The positive correlation found here is specific to the southern coastal plain of Israel, where the freshwater table is relatively high. Where the freshwater table is exposed, which mainly occurs in the low-lying interdune troughs where the stabilized-sand habitat occurs, densely vegetated oases patches develop. In any case, in our site the best combination of seed productivity by annual plants and safety from avian predators occurs at the stabilized-sand habitat, which would suggest that it should be the core habitat. Yet, Wasserberg (1997) showed, at the same site, that both species prefer the semistabilized-sand habitat. How can this discrepancy be resolved?
We suspected that substrate may play an important role. Our results demonstrated that foraging in the stabilized-sand substrate is twice as costly as in the nonstabilized-sand substrate. In fact, this is the outcome only of difference in soil texture (substrate in the stabilized-sand is heterogeneous, containing silt and clay [Danin and Yaalon 1982] together with coarse particles such as stones, shells, and plant debris, whereas sand from the nonstabilized-sand habitats is relatively homogeneous), which probably affects the gerbils' tactile discriminatory abilities. Because the giving-up-density technique requires presifting the sand before placing it into the tray, soil crust is broken. This eliminates the potential energetic cost associated with scratch-digging (Morgan and Price 1992) . Hence, the difference in foraging cost between the 2 substrate types could be even greater. Other studies also found that both gerbil species had lower harvest rates and higher giving-up densities in the loess substrate (Kotler and Brown 1999; Ziv et al. 1995) . Kotler et al. (2001) showed that it is the foraging substrate (substrate in the tray) and not the escape substrate (substrate around the tray) that is responsible for this difference.
In the substrate experiment only G. a. allenbyi used the trays. This result is not surprising and reflects the high foraging cost perceived by G. pyramidum with respect to foraging in the stabilized-sand habitat. In accordance with the centrifugal community organization model, this habitat, which is the least preferred by G. pyramidum, is being used by it only when densities are highest (August). In a different study at the same site, we observed that during most of the year G. pyramidum uses only its primary and secondary habitats (Fig.  2) . In August, however, it also used trays in the stabilized-sand habitat. In that event, number of trays used by G. pyramidum was lowest in the stabilized-sand habitat (n ¼ 2) and its giving-up density there ( X 6 SE ¼ 0.76 6 0.21 g) was significantly higher than in the rest of the habitats (0.22 6 0.02 g -Wasserberg 1997 ). Other studies also have shown that given the right conditions (i.e., when trays are presented at the semistabilizedsand habitat, at a less densely vegetated stabilized-sand habitat, or in an aviary), G. pyramidum will forage in loess substrates Ovadia et al. 2001; Ziv et al. 1995) . In all these cases, however, foraging efficiency and harvest rates were lower, for both species, in the loess substrate than in the sandy substrate.
Differences between habitats in resource renewal rates are probably an additional determinant of the gerbils' habitat preferences. Ben-Natan et al. (2004) demonstrated that daily afternoon winds expose and reshuffle buried seed patches and thus cause daily renewal of resources. They also demonstrated a positive relationship between wind energy and seed renewal rate. The stabilized-sand habitat is relatively sheltered from the wind. This together with its thick biogenic soil crust should render wind-mediated seed renewal fairly negligible. Hence, despite a short seasonal peak of resource abundance during spring, most seeds remain exposed at the surface because of the soil crust (G. Ben-Natan, pers. comm.) and are quickly depleted by granivores. On the other hand, seeds originating in or blown into the nonstabilized-sand habitats become buried and enter the local seed bank, which, in turn, gradually releases seeds to the surface via wind action and thus provides a continuous supply of resources throughout the year (BenNatan et al. 2004) .
Predation risk from avian predators appears to be the major cost factor associated with foraging in the shifting-sand habitat (Kotler 1992; Kotler et al. 1991) . Kotler et al. (1991) and Kotler (1992) also demonstrated that G. pyramidum is more adept than G. a. allenbyi in confronting such a risk. We speculate that predation risk from snakes might be an additional source of habitat-specific foraging cost . One of us (GW) reports that most encounters with large snakes, such as Vipera palaestinae or Coluber ravergieri, which are nocturnal and ambush their prey from cover of dense bushes, occurred mostly in the stabilized-sand habitat.
In summary, our observations with regard to the habitat-use pattern of the 2 species concur with the expectations of the centrifugal community organization model. The discrepancy of our findings with those originally assumed by Rosenzweig and Abarmasky (1986) with regard to the underlying gradients together with our finding that substrate constitutes a substantial foraging-cost component at the stabilized-sand habitat, do not contradict the centrifugal community organization model. The opposite is true, our findings shed a clearer light on the mechanism that underlie the pattern, and specifically those that determine habitat preferences of G. a. allenbyi. It is interesting to note that despite the substantial foraging cost, G. a. allenbyi is more abundant in the stabilized-than in either the semistabilized-or the shifting-sand habitats (Table 1; Fig. 2 ).
This suggests that, as demonstrated by Abramsky et al. (1998 Abramsky et al. ( , 2001 Abramsky et al. ( , 2002a Abramsky et al. ( , 2002b , the cost of interspecific interference competition by G. pyramidum in the semistabilized-sand habitat and predation risk from avian predators in the shifting-sand habitat are higher than the cost of foraging in the stabilized-sand habitat. Avoidance of the stabilized-sand habitat by G. pyramidum, on the other hand, probably results from a combination of the substrate effect Ovadia et al. 2001; Ziv et al. 1995) together with the structural complexity and density of the vegetation that contrasts with the high mobility of the larger G. pyramidum.
